The guanosine 5'-[3,y-imido]triphosphate (p[NH]ppG)-activated adenylate cyclase from rabbit myocar-
The hormone-regulated adenylate cyclase is a multicomponent system composed of signal receivers (receptors for hormones and neurotransmitters), transducer elements (GTP-binding proteins), and the signal amplifier, the catalytic unit (1) (2) (3) (4) . Comprehension of the mode of interaction between these components requires their characterization, purification, and functional reconstitution. Recently, efforts toward purifying the B3-adrenergic receptor and the stimulatory as well as the inhibitory GTP-binding proteins (G, and Gi, respectively) have been successful (5) (6) (7) (8) (9) . This has allowed reconstitution of purified /3-receptor and G, into lipid vesicles that restored both hormone-dependent binding of nucleotides and hormonally stimulated GTPase activity (10, 11) . However, to approach the membrane-bound system as closely as possible, the reconstituted system should also include the catalyst. Its presence becomes indispensible when the natural ligand GTP (and not its nonhydrolyzable analogs) is used as the regulatory ligand, because of the transient nature ofthe GTP-liganded G0. The inclusion of the catalytic protein was not possible in the past, because efforts to purify this entity were unsuccessful due to its scarcity and its extreme lability. We were impressed by the high specificity of the hypotensive diterpene forskolin for adenylate cyclase (12) , and we have synthesized a matrix-bound derivative of forskolin, which proved to be a powerful tool for purifying that enzyme from various sources.
This affinity support also bound to different forms of the enzyme (13, 14) . When adenylate cyclase was preactivated with GTP analogs or F-prior to affinity chromatography, a stable activity was recovered that was not influenced by nucleotides, F-, or Gs (13, 14) . On the other hand, when nonactivated adenylate cyclase was chromatographed on the immobilized diterpene, a preparation was obtained that had become refractory toward stimulators acting through Gs, but not to forskolin or activated Gs. The most plausible explanation for this was that the inactive form represented the resolved catalytic function (C), while the active form represented the GC complex. In the present report, we have improved the affinity chromatographic procedure, which now enables purification of the Lubrol PX-solubilized enzyme by 2000-fold in one step. Furthermore, gel permeation HPLC is introduced as a subsequent purification step, achieving a final 60,000-fold purification starting from rabbit myocardial membranes. In addition, we describe here a procedure that allows identification of the catalytic unit of adenylate cyclase by crosslinking it to 32P-labeled Gs. 18 -ml column of forskolin-Sepharose that had been equilibrated with buffer C (same as buffer A except 500 mM NaCl is added and 5 mM Lubrol PX is replaced by 1 mM Tween 60). The loaded column was first washed with 375 ml of buffer C at 70 ml/hr and then the resin was removed so the following wash steps could be carried out batchwise, because this appeared to result in more efficient removal of nonspecifically bound protein than did column washes. The resin was transferred to a 60-ml plastic syringe (equipped with a nylon net) with 40 ml of buffer C. The slurry was adjusted to 2 M NaCl and gently shaken. After 20 min, the liquid was removed and the resin was first washed with 30 ml of buffer B (same as buffer C but without NaCl) and 2 M NaCl and then with 70 ml of buffer C. A slurry of the resin and 40 ml of buffer C was made, brought to 300 mM MgCl2, and then agitated for 20 min. The fluid phase was removed and the beads were washed with 40 ml ofbuffer C and 300 mM MgCl2, followed by 30 ml of buffer C. Adenylate cyclase was released by passing 150 ml of buffer C and 100 ,uM forskolin (added as concentrated ethanolic solution) through the forskolin-Sepharose at 50 ml/hr. To concentrate the effluent, it was allowed to drop directly onto 0.5 ml of hydroxyapatite (equilibrated with buffer C) in a 2-ml plastic syringe. The hydroxyapatite containing bound adenylate cyclase was washed with 2 ml of buffer C and then shaken with 1.5 ml of 400 mM Na phosphate, pH 7.4/2 mM Lubrol PX for 15 min in order to remove the cyclase. The fluid phase was removed, saved, and combined with a subsequent rinse with 0.5 ml of the same buffer. Prior to gel permeation HPLC, the hydroxyapatite effluents were concentrated to =500 ,l in an Amicon CF-50 filter cone and passed through an Acro LC 13 0.45-gm filter (Gelman). The filtrate (400-500 pl) was applied to a system of two connected Toyo Soda TSK 4000 SW columns (30 cm and 50 cm; i.d., 7.5 mm) equilibrated with buffer B and 100 mM NaCl, and it was chromatrographed at 0.15 ml/min with an LKB HPLC pump. Fractions of 500-600 ,l were collected and checked for adenylate cyclase activity in the presence and absence of 100 ,uM forskolin.
EXPERIMENTAL PROCEDURES

Preparation of [32P]ADP-Ribosylated G Protein ([32P]Gs).
Pigeon erythrocyte membranes (10 mg/ml) were treated with cholera toxin (100 ug/ml) and [32P]NAD as described (16) except that 0.2 ,M [32P]NAD (5-7 x 105 cpm/pmol) was used.
Toxin-treated membranes were solubilized with 2.5% cholate at a protein concentration of 10 mg/ml as described for the purification of G, from duck erythrocyte membranes (14) .
Since cholate interfered with the subsequent reconstitution step, it was removed by centrifugation of 500-,u1 aliquots of the cholate extract through 5 Reconstitution of 32P-labeled G. with Forskolin-SepharoseBound Catalytic Moiety and Crosslinking. Three small chromatographic columns (plastic syringes) were supplied with 0.3 ml each of packed forskolin-Sepharose in buffer C. Each column was loaded with 10 ml of solubilized myocardial adenylate cyclase (nonactivated) in buffer A containing 500 mM NaCl during 2 hr at 4°C. The columns were washed 4 times each with 2 ml of cold buffer C and were then loaded with 400 ,ul of either nonactivated 32P-labeled Gs (14)], respectively. The mixtures were shaken for 10 mmin at 220C and for min at 4C. After removal of unbound material, the resins were washed 4 times each with 2 ml of cold buffer C. For release of bound protein 400
Al of buffer C and 100 AM forskolin were added to each column, and the slurry was agitated for 60 min at 40C. Crosslinking. We treated 200-,ul samples of the 32P-labeled G, preparations and of reconstituted 32P-labeled Gs5C in buffer C with 0.2-2 mM of the desired disuccinimidylester, which had been diluted from freshly prepared stock solutions in dry dimethylformamide. The reaction was allowed to proceed for 120 min at 40C and was quenched by the addition of 10 mM taurine. NaDodSOW/Polyacrylamide Gel Electrophoresis. Samples were adjusted to 1% NaDodSO4/10% (voI/voI) glycerol and, where indicated, 1% dithiothreitol, heated for 5 min at 950C, and electrophoresed on 5%-20% or 5%-15% gradient pore slab gels using the gel system of Laemmli (20) . When Fig. 1 . Fig. 2A shows an autoradiograph of a NaDodSO4/polyacrylamide gel of a radioiodinated fraction of the HPLC step ( Fig. 1) Fig. 2B shows a NaDodSO4/polyacrylamide gel of the same sample as in Fig. 2A , but it is visualized by silver staining. This gel had to be heavily overloaded to stain the Mr 42,000
band.
The Mr 150,000 peptide exhibited a quite unusual electrophoretic mobility. In gel systems according to Laemmli (20) , with acrylamide monomer concentration >6%, this protein partially or fully aggregated and failed to enter the separation gel. In different gel systems, such as those introduced by Neville and Glossmann (24) copurified with adenylate cyclase activity through the forskolin-Sepharose affinity step and showed a constant ratio of 35S radioactivity and enzymatic activity when analyzed by subsequent sucrose density gradient centrifugation (14) . (Fig. 1) was labeled with Nal25I and chloramine-T (23) and electrophoresed on a 5%-15% NaDodSO4/polyacrylamide gel. Dried gel was exposed to film for 3 hr. (B) An aliquot (300 ng of protein) of fraction 38 ( Fig. 1 ) was electrophoresed on a 5%-15% NaDodSO4/ polyacrylamide gel. Proteins were visualized by the silver-staining technique (21) . (C) Identification of the cholera toxin substrate of rabbit myocardial membranes. Membranes (10 mg/ml) were pretreated with 10 experiments with pure 3H-labeled Gs-dimer (Mr, 42,000/ 35,000) indicated that only the a-component of G, combined with the catalyst and was therefore sufficient for activation (14) . To identify the catalytic subunit, we exploited its specific interaction with the stimulatory regulatory component G, by affinity crosslinking of a 32P-labeled G,-C complex. A convenient means to covalently label G. consists ofthe [32P]ADPribosylation of its a-subunit by cholera toxin (16) . However, purified G. (and probably also G5UC) can only be labeled by cholera toxin in the presence of an ADP-ribosylation factor, which has been purified to apparent homogeneity very recently (27) . As an alternative, we decided to reconstitute the GS-C complex from the myocardial catalytic component labeled Gs-C complex is summarized in the flow diagram shown in Fig. 3 . The results of this approach can be obtained from the autoradiograph in Fig. 4 . Lane 1 shows the 32P-labeled Gs (GTP[yS]-activated), exhibiting one major band representing the a-subunit of Gs (16) . As seen from lane 2, no crosslinked products were appearing when the G-preparation was treated with the crosslinker disuccinimidylsuberate, although at higher concentrations (>2 mM) of this reagent, high Mr aggregates were present that did not enter the gel. Lane Crosslinking of 32P-labeled GS'C complex with disuccinimidylsuberate. 32P-labeled G, was prepared from pigeon erythrocyte membranes and reconstituted with forskolin-Sepharosebound catalytic moiety from rabbit heart. Crosslinking experiments were performed with 1 mM disuccinimidyl suberate for 2 hr at 4°C.
Samples were electrophoresed on 5%-20% NaDodSO4/polyacrylamide gradient gels according to Laemmli (20) . Dried gels were exposed to film for 4 (Fig. 2 A and B) . This was in agreement with the results obtained from the crosslinking experiments (Fig. 4) , which likewise ruled out an involvement of that entity in the reconstituted complex.
Our results indicate that the Mr of adenylate cyclase is 150,000 (C) or 190,000 in the activated form (G,-C), although the molecular size in its native environment could be different. However, using target size theory for estimation of (32) . The rather large Mr of the adenylate cyclase catalytic subunit together with the finding that it specifically binds to wheat germ lectin suggest that C may be a glycoprotein that traverses the plasma membrane. This aspect raises the question of the physiological significance of the catalyst's accessibility from the external face of the membrane bilayer.
